We report the detection and polarization of nuclear spins in diamond at room temperature by using a single nitrogen-vacancy (NV) center. We use Hartmann-Hahn double resonance to coherently enhance the signal from a single nuclear spin while decoupling from the noisy spin-bath, which otherwise limits the detection sensitivity. As a proof-of-principle we: (I) observe coherent oscillations between the NV center and a weakly coupled nuclear spin, (II) demonstrate nuclear bath cooling which prolongs the coherence time of the NV sensor by more than a factor of five. Our results provide a route to nanometer scale magnetic resonance imaging, and novel quantum information processing protocols. [4] . Within these, detection and manipulation of single or few nuclear spins may revolutionize microscopy of biological systems with the possibility to reveal the structure of single molecules. Moreover, the potential of single nuclear spins as long-lived quantum memory units is of intense current interest [5] .
Measurements of nuclear spin moments are essential to numerous fields including medicine [1] , chemistry [2] , metrology [3] , and quantum information processing (QIP) [4] . Within these, detection and manipulation of single or few nuclear spins may revolutionize microscopy of biological systems with the possibility to reveal the structure of single molecules. Moreover, the potential of single nuclear spins as long-lived quantum memory units is of intense current interest [5] .
However, measurements on single or small ensembles (<10 3 ) of nuclear spins are extremely challenging due to the small nuclear magnetic moment, leading to typically low polarizations, especially at room temperature. Essentially, one must employ a probe close enough to establish the required sensitivity, since the coupling of the probe and the target spin decreases with the distance between them. So far these have only been achieved with magnetic resonance force microscopy [6] , quantum dots [7] , and recently with the nitrogen-vacancy (NV) center in diamond [8, 9] . The NV center is an attractive system for this task: its optical polarization and spin-dependent photoluminescence along with long ground-state coherence time, make it a perfect probe for sensing nuclear spins coupled to it via dipole-dipole interaction [10] .
As the large background noise originating from the spin-bath makes dynamical decoupling techniques a necessity [11] , the optimal way to uncover the target signal is not yet fully clear. Recently, three studies have demonstrated the use of pulsed dynamical decoupling to isolate the signal of a single nuclear spin from the nuclear bath [12] [13] [14] . Other complementary techniques, applied to small ensembles, have observed statistical fluctuations of nuclear spin states [15, 16] . These signals can be greatly enhanced by hyperpolarization of the nuclei, if such is at disposal.
Here we experimentally show that one can use continuous dynamical decoupling (CDD) [17] [18] [19] to overcome both challenges, namely to separate a single nuclear spin FIG. 1: (color online) (a) Ground-state energy level structure of the NV center as a function of an axial magnetic field. At a magnetic field of 0.54 T, the NV center ground states ms=0,-1 have an energy separation of 12 GHz, and the nuclear system is split by 6 MHz (Red box). (b) Energylevel diagram of the NV center electronic ground-state and a single 13 C nuclear spin. The coupling term, A hyp , induces flip-flops between the electron spin and a coupled nuclear spin (green arrow), which are suppressed by the mismatch of the electronic and nuclear energies (blue and red arrows, respectively). (c) The energy level diagram in the presence of a resonant MW field. The electronic spin is described with the dressed states |± . At HHDR, coherent oscillations between the |+, ↓ level and the |−, ↑ level (green curve) are enhanced .
signal from the bath noise, and to actively enhance the nuclear polarization of the surrounding bath. In CDD, one applies a continuous, resonant field to isolate the driven spin sensor from its environment. The sensor spin is then insensitive to the surrounding spins, however specific frequency components can be selected through a phenomenon known in nuclear magnetic resonance as Hartmann-Hahn double resonance (HHDR) [19, 20] . We use this technique to experimentally implement an imaging scheme recently proposed in reference [19] . We further demonstrate that CDD can be used (through the spin-locking sequence [2] ), to enable direct polarization of the target nuclei [21, 22] .
HHDR occurs when two spins with distinct energy separation are simultaneously driven so that their oscillation (Rabi) frequencies become resonant, or alternatively, when one species is driven with a Rabi frequency that is equal to the energy scale of the other spin [20] . Polarization exchange between the two spin systems can then occur via cross-relaxation, which is usually suppressed by their energy mismatch. In our experiments, corresponding to the latter case, we drive a single NV electronic spin with a Rabi frequency that matches the Zeeman energy of a nearby nuclear spin. This enhances the coherent exchange interaction between the two spins, which would otherwise be prohibited due to the three orders of magnitude energy difference (Fig. 1a,b) . By adjusting the intensity of the driving field, the NV spin sensor can be used as a tunable, narrow-band spectrometer [19] , with spectral resolution limited only by the decoupling efficiency and interrogation time.
Hartmann-Hahn dynamics with a single NV-center. We consider an NV electronic spin, S, and an additional 13 C nuclear spin, I, with gyromagnetic ratio γ N . Their interaction can be described by the dipole-dipole term
where A hyp is the hyperfine vector (see [19, 23] ), and non-secular terms are neglected due to the energy mismatch of the two spins (Fig. 1a,b) . In an external magnetic field B, the splitting between the nuclear states |↑ ,|↓ is (|0 ± |−1 ). The energy gap of these states is Ω, and an energy matching condition (the Hartmann-Hahn condition) given by
can be engineered. Then, the energy of the |+, ↓ state and the |−, ↑ state is equal, and being coupled, they will evolve coherently together. The remaining states |+, ↑ and |−, ↓ are separated by 2Ω (Fig 1c, red arrows) , thus decoupled from the joint dynamics. The probability of finding the dressed NV center, initially set to the state |+ , in the opposite state |− , after time τ , is
where J, given by
is proportional to the coupling strength, and depends on θ, the angle between B eff and A hyp (see [23] ). The transition probability (Eq. (2)) shows temporal oscillatory behavior, and a spectral dependence (Lorentzian shape of width J). The former is a manifestation of the coherent nature of this interaction: starting in the |+, ↓ state, the system evolves according to |Ψ = |+, ↓ cos (Jt) + |−, ↑ sin (Jt). Thus, at time t = π/2J the two spins become maximally entangled, and after a t = π/J a full population transfer occurs; i.e. the states of the two spins are swapped. The latter spectral dependence in Eq. (2) reflects that coherent oscillations between the NV center and weakly coupled nuclear spins are extremely sensitive to detuning from the Hartmann-Hahn condition.
Single nuclear spin spectroscopy and imaging. In our experiments, HHDR is performed with single NV centers in a natural abundance ( 13 C 1.11%) diamond. (Details on the diamond sample, and on the experimental setup and methods can be found in the supplementary material [23] ). In order to increase the decoupling efficiency, we apply a high Rabi frequency of ∼ 6 MHz which is matched by the Larmor frequency of the 13 C nuclear spins in a magnetic field of 0.54 T (Fig. 1a) . The transition probability in Eq.(2) can be measured in a straightforward way by applying a spin-locking sequence [20, 21] . In this sequence, the NV electronic spin is first optically polarized by 532nm light illumination. Then rotated to the |+ state with a π/2 pulse, and maintained there with a continuous driving field applied at the same frequency, but with a 90
• phase shift [23] . Away from HHDR, the NV spin remains in the |+ state and is subsequently rotated to the low fluorescent, |−1 state by a final pi/2 pulse (Fig. 2a) . However at the resonance condition, the NV spin undergoes coherent oscillations between the |+ and |− states. After the second π/2 pulse this evolution is observed as modulations in the NV fluorescence as the final state oscillates between the |0 and |−1 states. As described later, this protocol produces polarization of the nuclear bath, inhibiting further interaction between the NV center and nearby nuclear spins. Therefore, for spectroscopy measurements, i.e characterization of the coupling strength and orientation, an alternating version of the spin-locking sequence was used (Fig. 2b) , which produces the same experimental signal but without polarization of the nuclear bath. It comprises two similar sequences "+"and "-", essentially initializing the NV into the |+ and |− states, respectively. These induce nuclear polarization in alternating directions, thus the net nuclear polarization is zero. Fig. 2c shows the transition probability of a single NV center interacting with the surrounding spin-bath. Two features which correspond to interaction with nuclear spins can be seen at Ω ≃ 5.76 MHz and at Ω ≃ 5.9 MHz. The first agrees well with the expected Larmor frequency for 13 C spins in the applied field (|B| = 5375 G), and shows loss of coherence of the |+ state due to the interaction with many nuclear spins. The second feature is the realization of HHDR with a single nuclear spin, whose coupling strength with the NV center (∼200 kHz) is 2.5 times smaller than the measured inhomogeneous (1/T * 2 ) linewidth, which characterizes the phasedetection sensitivity without decoupling. Note, Eq. (2) neglects the NV electronic spin interaction with its host nitrogen nuclear spin ( 15 N in this case). For our experimental parameters, HHDR is efficient for a single hyperfine projection which has a time averaged population of 0.45 [23] . Therefore, the 40% oscillation contrast indicates ∼90% polarization exchange efficiency with the single 13 C spin. The two-dimensional nature of Eq. (2), i.e. the spectral and temporal dependencies, also allows for nuclear spin imaging (Fig. 2d) . Both the optimal Rabi frequency Ω opt which satisfies Eq. (1), and the oscillation rate at double-resonance (Eq. (3)) contain information about the interaction strength, |A hyp | and its orientation, θ. Inverting Eq. (1) and Eq. (3) for this electron-nuclear pair (Ω opt = 2π × (5.88 ± 0.03) MHz, (J = 2π × (188 ± 30) kHz), we deduce that the coupling for this pair is (1/4)γ N |A hyp | = 2π × 220±40 kHz (which corresponds to a nuclear spin located ∼ 0.5 nm from the NV center, assuming the contribution from the contact term in the interaction is negligible), and the orientation is θ = 56 ± 10
• . The measured coupling, ∼ 200 kHz, does not mark the ultimate sensitivity of our scheme. Coherent oscillations of the NV-nuclear pair last for more than 25 µs, implying that a 40 kHz coupling could have been detected if such a nuclear spin was present in the vicinity of this NV center, and providing it could be spectrally separated from the spin bath signal at 5.76 MHz (γ13 C |B|). In principle, the interrogation time and hence the sensitivity of the HHDR scheme, is limited by T ρ 1 -the longitudinal relaxation time of the NV center in the rotating frame [2] . T ρ 1 times exceeding one millisecond have been measured for NV centers at room temperature [24] , which translates to sub-kHz resolution. However both practical and fundamental aspects limit the sensitivity of the scheme. First, fluctuations in the applied MW and static magnetic fields cause broadening and reduce the achieved interrogation time. This may be overcome with improved concatenated continuous driving schemes which mitigate the impact of MW instabilities [25] . Second, the decoupling efficiency of CDD depends on the spectral overlap of the environmental noise spectrum with the decoupling filter function [11] . The overlap may be reduced by modifying either the filter function or the bath spectrum to achieve optimal decoupling performance. For example, to target detection of protons [15, 16] , the NV-center can be tuned to the proton spectral region, which is detuned from 13 C nuclear spins in moderate magnetic fields. However, in our experiment we aimed to separate the signal of individual 13 C nuclear spins from a bath comprised from the same nuclear species. Then the spectral density of the bath is peaked near the interrogated frequencies (shifted by only the coupling interaction between the sensor and target spin) leading to a reduced T ρ 1 coherence time [26] . For a detailed discussion on the sensitivity of the scheme, see [27, 28] , and [23].
Nuclear spin-bath polarization. In addition to the detection of single or few nuclear spins, one can utilize the direct flip-flops between the NV center and nuclear spins to polarize the surrounding bath (Figure 3 ). Under HHDR, the |+, ↓ ←→ |−, ↑ transition allows transfer of polarization from the NV electronic spin to resonant nuclear spins. Therefore, when optical polarization of the NV spin is established at the beginning of each sweep an efficient cooling mechanism of the nuclear spinbath is provided. We note that other transitions between the dressed-electronic spin and the nuclear spin can lead to a reversal of polarization [23] . However these transitions are suppressed by an energy mismatch described by ∼ (J/Ω) 2 , and in our high-field experiments are of the order 1 × 10 −3 . We observe the bath polarization experimentally in the spin-locking signal when employing the non-alternating sequence (Fig. 2a) , which shows no oscillations as the system is driven into a non-interacting state in which all the nuclear spins are polarized to their up state [23] . The bath polarization itself can also be directly observed from the free induction decay (FID) signal of the NV center, measured using a Ramsey sequence.
The results show that when the bath is polarized the To investigate the polarization dynamics further, the polarization rates towards the up and down state were balanced using N + sweeps of the "+"sequence and N − sweeps of the "-"sequence. We define the polarization bias as (N + -N − )/(N + +N − ). The smooth transition of T ⋆ 2 times in the range 0.6-3 µs when adjusting the polarization bias from zero to unity indicates that precise control over spin-bath degree of polarization is achievable (Fig. 3b) . Finally, we measure the dynamics of the bath polarization by varying the number of polarization sweeps and measure the FID signal (Fig. 3c) [29] . The experimental results are in qualitative agreement with a numerical simulation of a master equation for a single NV center surrounded by 500 13 C spins [30] , showing a characteristic gradual polarization. The simulation indicates that close lying nuclear spins are polarized very efficiently (almost one spin per sweep), whereas farther away nuclear spins are polarized much slower [23] . The proximal spins have the greatest influence on the FID linewidth, thus their polarization improves T ⋆ 2 significantly. However this also creates an inherent problem when comparing numerical simulations to the experiment, as both are dependent on the actual configuration of nearby nuclei. Initializing and probing the nuclear-bath state as demonstrated here provides a route for characterizing fundamental processes such as inter-nuclear interactions. For example, it is of great interest to discriminate the aforementioned direct polarization process from spin-diffusion induced polarization process [31] .
Conclusions. Continuous dynamical decoupling allows a single NV-center to sense minute magnetic fields originating from a single nuclear spin, in spite of the large background noise produced by its environment. We demonstrated that a careful tuning of the protocol may bring forth room-temperature hyperpolarization among nuclei in the surrounding bath. The interaction between the NV electronic spin and the nuclear spins preserves its coherent nature, i.e. it can support quantum information protocols using dressed qubits [32] .
In biological measurements which are characterized with an extremely disruptive environment, CDD can become an optimal tool: First, it allows improved decoupling through high Rabi frequencies at efficient energy expenditure compare to pulsed techniques, and would thus be less invasive to biological samples. Second, using room-temperature nuclear polarization the target spin signal can be amplified, resulting with signal-to-noise ratio improvement according to √ N where N is the number of nuclear spins. Moreover, for many diamond-based QIP protocols, initialization of the nuclear bath to a given state is essential, for example in quantum simulators [33] . We also note that Hartmann-Hahn double resonance can be applied for the detection of electron spins as was demonstrated recently [34] .
